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Abstract. p-type (100) faceted diamond lms can be successfully grown by bubbling H2 through liquid
B(OCH3)3 during the Microwave Plasma Enhanced Chemical Vapour Deposition (MPCVD). Ramann
spectra and scanning electron micrographs (SEM) convincingly illustrate that diamond-lm growth on
silicon substrates by a three-step process yields good uniformity with preferential orientation. The eld
emission current density of the boron doped diamond lms can be enhanced from 0:7A/cm2 for the as
grown lms to 140A/cm2 at an applied eld of 20 V/m by hydrogenation treatment.
PACS. 81.15.Gh Chemical vapor deposition (including plasma-enhanced CVD, MOCVD, etc.) {
81.40.Tv Optical and dielectric properties (related to treatment conditions) { 68.55.Jk Structure
and morphology; thickness
1 Introduction
On account of its high energy gap (i.e. 5{5 eV) and nega-
tive work function, the p-type diamond lms may play an
important role for high temperature electronic [1,2] and
eld emission displays [3,4]. Unfortunately till now, only
boron doped p-type diamond semiconductors can be ef-
fectively fabricated. Textured boron-doped diamond lms
had been prepared by several groups [5{8] by microwave
plasma chemical vapor deposition (MPCVD) method with
a toxic gas source CO/H2=B2H6 mixture by a single step
process. Carrier hopping was observed and ascribed to a
high density of discontinuous boundaries between defect
sites of microcrystals. Many groups [9{11] have success-
fully grown synthesized boron-doped < 110 > = < 111 >
texture diamond lms from methane mixture, while the
facet areas were inhomogeneous distributed. Boron doped
polycrystalline diamond lms were grown on the scratched
Si(100) substrates [12] from which, the non-sp3 bonding
layers were removed by etching and cleaning in a sulfuric
acid solution saturated with chromium trioxide. However,
they found boron segregation at grain boundaries making
the doping concentration to be nonuniform. additionally,
all the above samples have randomly oriented microcrys-
tals resulting in high grain boundary scattering for carrier
transport.
It is still dicult [13,15] to yield low leakage current,
and uniform doping. During the doping process, the pres-
ence of boron ions implies a reduction of the ratios of
H/H2, CH/H and C2=H there by decreasing the carbur-
ization process. Gonon et al. [13] pointed out that the
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growth rate crucially depends on the surface dehydrogena-
tion such as C(s) − H + H(g)  ! C(s) + H2; where the
subindexes s and g indicate solid and gas phases, respec-
tively. The reduction of [H] decrease the dehydrogenation,
consequently preventing the growth of boron doped sp3
carbon-diamond lms.
In this work, we have successfully grown the (100)
faceted diamond lms on silicon wafers by using inexpen-
sive and nontoxic liquid B(OCH3)3 as the doping source.
The strategy is to decrease the microwave power and the
CH4=H2 ratio at the initial stage without doping, and then
to increase both parameters to increase the growth rate
during the second long growth stage. The doping gas is
supplied only at the nal stage. In this way, highly oriented
boron-doped diamond lms can be grown. To explore the
property of negative electron anity of diamond lms, the
eld emission currents for various heat treatment are mea-
sured.The hydrogenated boron doped diamond lms can
greatly enhance the emission eciency.
2 Growth and doping mechanisms
During the plasma enhanced CVD, the supply of hydro-
gen gas has two essential roles. At rst, the ionized hydro-
gen ions can catch the hydrogen atoms from CH bonds
to leave the mere carbon atoms to react with the sub-
strate and then do the carburization process. The hydro-
gen atoms also promote the formation of tetrahedral sp3
bonds from sp2 bonds at the outside surface layer forming
so called hydrogenation. They also help in etching out the
weak sp1 or sp2 bonds [11], therefore stabilizing the dia-
mond growth by forming the active C-H+H −!C+H2
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Table 1. Parameters implemented for growth of (100) faceted diamond lm before doping.
step
pressure Microwave H2 CH4
CH4/H2
Bias
Time
(torr) power (kW) (sccm) (sccm) (V)
nucleation 75 2.5 300 18 6% −100 15 min growth
growth 75 2.0 300 1:5  6 0:5%  2:5% −50 3 h
layer. The presence of a small amount of oxygen atoms
oxidizes solid carbons to form CO or CO2 gas. It can do
the etching of dangling or isolated carbon atoms, hence
after also stabilization the growth. The three-step pro-
cess [16], i.e. carburization, nucleation and growth steps,
is commonly used in the diamond lm growth on mirror
(or un-scratched) surface of substrates. To obtain highly
oriented growth lms, slowing down the growth rate at
the initial stage (i.e. by decreasing the CH4=H2 gas ratio
and the microwave power) is relevant.
The behavior of diamond is closely related to its ori-
entation which also changes its surface morphology. The
growth direction depends on the growth environment... In
principle, the crystallographic structure depends on the
growth velocities of the cubic (100) and octahedral (111)
surfaces. According to the van der Drift mechanism [17],
the growth modeling requests no second nucleation and is
also relevant for epitaxial growth. The growth parameter
 =
p
3V(100)=V(111) (1)
where V(100) and V(111) are the growth velocities along
< 100 > and < 111 > directions, respectively, is crucially
dependent on the CH4 concentration and the substrate
temperature. Hesemer et al. [18] reported a formula to
estimate the  value as
 = 3
p
2=( + 2) (2)
where  is the ratio of the maximum edge length of the
(100) face to the lm thickness. This factor can be con-
trolled by the plasma density, the carbon concentration
and the substrate temperature.
Barrot et al. [19] proposed at high temperatures with
1 <  < 1:5, the growth prefers the (111) face. While at
low temperatures with 1:5 <  < 3, it will be the (100)
face growth which means that the binding energy for the
formation of the (111)faces is higher than that for the
(100) faces. Increasing the concentration of CH4=H2 also
induces the same trend of growing the (100) face [20]. On
the other hand, if the plasma ion energy is lower than the
activation energy for the formation of sp3 bonds, round
shape polycrystals are produced. An increase of the mi-
crowave power implies the growth of the (100) faces. The
uniformity of the gas flow, and the viscosity of the gas
flow on dierent substrates also induce variation of pref-
erential orientation [21,22]. The gas pressure has a much
complex influence on the growth result [21] since it has
turbidity eect on ion energies, mean free path of ions,
reaction duration and plasma temperature.
The negative bias at the initial growth stage has advan-
tages of inducing nucleation and yielding preferential ori-
entation [23,24] with the substrate. This can be attributed
to the bombardment of H and C positive ions which pro-
duces strained dangling bonds on the initial smooth sur-
face. The bombardment of carbon atoms on the silicon
substrate directly yields -SiC and then forms sp2 and
sp3 bonds. The sp2 are etched out by the positive hydro-
gen ions leaving the sp3 diamond nuclei undamaged. Fur-
thermore, the applied bias evokes an equipotential region
between the substrate and the plasma which guides the
positive carbon ions to impinge on the substrates at some
uniform directions making a prefer orientation for growth.
Stoner et al. [22] pointed out that the negative bias en-
hances the electron emission from the diamond lm which
helps the hydrogen etching.
3 Experimental details
An Astex 5400 microwave plasma enhanced chemical va-
por deposition (MPECVD) system was implemented to
grow the boron doped diamond lms. The p-type (100) Si
substrates were cleaned sequentially in acetone, distilled
water, deoxidizing solution (HF/H2O=1/2), and deionized
water. The system is evacuated by a mechanic pump to
a pressure of 10−3 torr and lled with H2 gas to 15 torr.
The microwave power was switched on and the three-stab
tuner was adjusted to a proper value to obtain a mini-
mum reflectance. When the plasma starts, the CH4 gas
and the bias were switched-on. The doping was started
on only when the highly oriented lm had already been
ensured. The doping process was created by bubbling a
H2 carrier gas through a bath of liquid B(OCH3)3 which
was kept at 10 C. The substrate temperature was kept
around 900  950 C during the growth.
One typical growth condition is listed in Table 1.
This experiment indicates that the microcrystals become
smaller with a dense and uniform distribution when the
concentration of CH4=H2 ratio increased from 7% to 3%.
This convinces us to start with low concentration of
CH4=H2 ratio with slow growth rate in order to obtain
preferential orientation. Doping process has to be done
only at the nal growth stage (i.e. nearly the last 1/5
growth period).
The flow rate of H2 passed through B(OCH3)3 liq-
uid was kept as low as 1 sccm to give high quality lms.
The parameters used in the doping process are listed in
Table 2. Typical scanning electron microscope (SEM) pic-
tures of the lms when doping process starts with the
growth are shown in Figure 1 which indicates that the
microcrystals are randomly oriented with arbitrary sizes.
The Raman lines as shown in Figure 2 reveals a small red
shift of the diamond line position from 1332 cm−1 and the
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Table 2. Parameters implemented in the doping step after the growth step.
pressure Microwave H2 CH4
CH4/H2
B(OCH3)3 + H2
Bias Time
(torr) power(kW) (sccm) (sccm) (sccm)
43 1.5 300 7.5 2.5% 1 −50 1  3 h
Fig. 1. SEM of boron doped diamond lms on Si substrates.
The dopant B(OCH3)3 at a flow rate of 1 sccm is started si-
multaneously with the lm growth for 5 h with CH4=H2 ratios
of (a) 4%, (b) 5%, and (c) 6% respectively.
shift increases as the growth time increases which might
be due to lattice strain induced by doping. There is also a
broad graphite G-band near 1500 cm−1 ascribed to amor-
phous carbon [26].
The randomly oriented diamond microcrystals are em-
bedded pieces of impurities between the grain boundaries
introducing a rather high leakage current and the I-V
characteristic behaves like ohmic. Expecting to produce
a highly oriented boron-doped lm, we have tried to in-
crease the bias, to decrease the CH4 concentration and to
Fig. 2. The Raman spectra of the boron doped lms. The
CH4=H2 ratio during the nucleation and growth processes are
respectively 6% and 4%, with H2 and dopant flow rate of
300 sccm and 1 sccm respectively. The deposition durations
are indicated in the gure.
Fig. 3. SEM of the sample with growth parameters of mi-
crowave power at 2 kW, total pressure of 75 torr, CH4=H2 at
6%, bias at −100 V, and growth time of 3 h.
decrease the total pressure. Increasing the bias, increases
the ion bombardment energies which enhances the etch-
ing of non sp3 bonds. However, too high bias (e.g. above
100 V) will heat the Si substrate which becomes catas-
trophically bent, and too fast growth rate makes the lm
looking like granite as shown in Figure 3. We found that
a bias of −50 V is the better choice.
As shown in Figures 4a{4c, decreasing the CH4=H2
concentration from 7% to 0.5%, greatly improve the pref-
erential orientation. Although highly oriented (100) mi-
crocrystals can be grown by lowering the CH4=H2 ratio,
they are stacked pieces by pieces like sh scales and the
surface flatness is not uniform as shown in Figure 4d. As
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Fig. 4. SEM of the sample with growth parameters of (a) microwave power (MP); 25 kW, total pressure (TP): 75 torr. Bias:
0, growth time (GT): 3 h, with CH4=H2 ratios (CH): 7%, (b) MP: 2 kW, TP: 43 torr, Bias: −50 V, GT: 3 h, CH: 2.5%, (c)
MP: 1.5 kW, TP: 43 torr, Bias: −50 V, GT: 3 h, CH: 2.5%, (d) MP: 2 kW, TP: 75 torr, Bias: −50 V, GT: 10 h, CH: 0.5%.
Fig. 5. The SEM inclined view of Figure 4c.
we decrease the total pressure from 75 torr to 43 torr at
a negative bias of −50 V and with the concentration of
CH4=H2 = 2:5%, after 3 h deposition, we can obtain a
better surface morphology with uniform roughness of the
(100) epitaxial lm as shown in Figure 5. The growth ori-
entation follows the priority rule  = 2:5  3 for growing
the (100) faces. The doping is usually performed during
the nal 1 h of the growth process. The p-type doping can
be tested by using a solder to induce a local heating and
measuring the phonon drag current direction.
A secondary ion mass spectrometer (SIMS) was also
used to examine the boron depth prole distribution.
Figure 6a is the depth prole when the doping process
starts at the beginning of the diamond growth process.
Fig. 6. The SIMS depth prole for (a) doping simultaneous
with growth at condition of MP: 2.5 kW, TP: 75 torr, Bias:
−160 V, GT: 3 h, CH: 6%, dopant flow rate (DR): 1 sccm.
The boron concentration is rather high with a uniform
depth distribution. The absolute atomic concentrations
are unattainable because the sensitivity factor depends in-
tricately on the sputtering yield and detectability of each
element, and depends critically on the using age after the
last cleaning process. The high signal counts of boron as
shown in Figure 6a do not infer the higher concentration
than carbon, only the depth prole of each element can
be compared. On the contrary when the doping process
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Fig. 7. The I-V characteristic for the point-contact of Ti
lm evaporated on p+ diamond lms without annealing. The
CH4/H2 ratios during the nucleation and growth process are
6% and 7% the hydrogen and dopant flow rates are 300 sccm
and 1 sccm respectively. The growth times are 3 h and 5 h
respectively.
Fig. 8. The I-V characteristics for the point-contact of Ti
lm with 400 C post annealing for diamond lms with grow
condition to be shown as in previous gure.
starts at the nal 1/5 growth period, Figure 6b indicates
that the boron concentration decreases linearly with the
depth. Due to the high etching rate from the high H2 con-
centration for this growth of textured microcrystals, the
diamond lm growth rate is slow and the boron concen-
tration in the lm is larger than its concentration in its
precursor gas. The reason is due to the sublimation of
boron deposited on the chamber. On the other hand the
boron concentration is lower and the resistivity is higher in
lms prepared with boron introduced after the end of the
growth process where the boron can diuse into the part
of the lm which is grown without dopant gas. Since the
diusion coecient of boron in diamond is signicant only
above 1300 C, the diusion process indicated here might
only be along grain boundaries. This eect is not usually
reported in polycrystalline diamonds. This encourages us
to obtain boron doped diamond lm by this process.
The ohmic contact for the p-type Si back surface is
obtained by evaporating then annealing at 400 C the
Al lm, while a Ti lm was evaporated on the the front
Fig. 9. The eld emission characteristics for various treat-
ments of diamond lms: (a) as grown, (b) hydrogenation at
400 C for 30 minutes, (c) subsequent vacuum annealing at
800 C for 75 minutes, and (d) repeating hydrogenation.
diamond surface. Figure 7 shows that the I-V character-
istic for the sample without thermal annealing has a non-
linear contact characteristic which might arise from the
carrier tunneling through a narrow space charge region.
After a 400 C annealing of the Ti deposited sample, the
I-V curve is linear and looks like ohmic contact as shown
in Figure 8. The contact resistance sharply decreases from
128 Ω to 8:33 Ω for the annealed samples. The resistivity
measured by four point contact is 1:5 10−2 Ω cm which
is close to the reported value [11] for boron doped dia-
mond lms at a concentration of NB = 2  1020 cm−3.
The almost symmetric characteristics for the forward and
reverse bias show that the doping of the diamond lm is
high under this dopant gas flow. The thermionic and eld
emission tunneling currents prevail on the diusion cur-
rent when a narrow depletion width exists from the high
doping. Similar results [27] had been obtained for samples
with electrodes deposited before annealing the diamond
lms.
The eld emission characteristics were measured at
room temperature as a function of electric eld between
the sample and the ground under a vacuum of 10−5 torr.
The emission current were measured for samples with
dierent heat treatments. Figure 9 indicates that the
emission current is 0:7 A/cm2 at an electric eld of
20 V/m for the as grown lm which increases sharply
to 15 A/cm2 by hydrogenation at 400 C for 30 minutes.
The current reduces to 2:6 A/cm2 by vacuum annealing
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at 800 C which is then largely enhanced to 140 A/cm2
after repeating the hydrogenation. The rather high emis-
sion current for the p-type semiconductor indicates the
existence of good ohmic contact at the the interface of di-
amond and Si substrate and a narrow depletion well on
the surface. The presentation of negative electron an-
ity (NEA) of diamond surfaces depends on surface chem-
istry and surface structure. The virgin diamond surfaces
have a small but positive electron anity, i.e. 0.5 eV for
the 2  1(100) reconstructed surface and 0.35 eV for the
21(111) reconstructed surface [28]. However, the sharply
increase of eld emission currents of the hydrogenated
diamond lms alludes the existence of negative electron
anities in these lms which are in congruent with other
reports by experimental observation [29] and theoretical
calculation [30].
In conclusion, highly p+(100) texture diamond lm can
be successfully grown on silicon wafers at a lower ratio of
CH4=H2. In comparison with undopped lms, we use a
little bit lower value of microwave power and bias and
use a liquid B(OCH3)3 as the dopant source, in a three-
step process. From its negative electron anity, the highly
oriented p-type diamond lm can be used as the cathode
emitter in the eld emission display.
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